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Abstract

Contradictory results in clinical trials are preventing the advancement and implementation of cell-based therapy. To explain such
results, there is a need to uncover the mystery regarding the fate of the transplanted cells. To answer this need, we developed a technique
for noninvasive in vivo cell tracking, which uses gold nanoparticles as contrast agents for CT imaging. Herein, we investigate the
design principles of this technique for intramuscular transplantation of therapeutic cells. Longitudinal studies were performed, displaying the
ability to track cells over long periods of time. As few as 500 cells could be detected and a way to quantify the number of cells visualized by
CT was demonstrated. Moreover, monitoring of cell functionality was demonstrated on a mouse model of Duchenne muscular dystrophy.
This cell-tracking technology has the potential to become an essential tool in pre-clinical as well as clinical trials and to advance the future of

cell therapy.
© 2016 Elsevier Inc. All rights reserved.
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Cell therapy provides a promising approach for diseases and
injuries that conventional therapies cannot cure effectively.’ In
particular, stem cells, with the potential to regenerate injured
tissue, have broad applicability in fields such as oncology,
cardiology, neurology and muscle regeneration.” > To achieve
their therapeutic potential, these cells must home to the site of
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injury, differentiate into the target cells, survive, and engraft after
transplantation.® Therefore, the use of therapeutic cells has been
widely investigated in preclinical studies as well as in human
clinical trials.’

However, contradictory results in recent clinical trials are a
major obstacle in the advancement and implementation of cell
therapy.® While some patients demonstrate a significant improve-
ment, others show minimal to no improvement after cell therapy.
In vivo cell tracking is needed to elucidate essential knowledge
regarding fundamental trafficking patterns and poorly-understood
mechanisms underlying the success or failure of cell therapy.”
Various methods, such as optical imaging,'* ' ultrasound,"’
positron emission tomography (PET)'® and magnetic resonance
imaging (MRI)'*2° attempt to perform such tracking and imaging,
but an optimal solution for the challenge of cell tracking does not
yet exist.

We have recently demonstrated a novel noninvasive cell
tracking technique which combines the use of gold nanoparticles
(GNPs) as contrast agents and computed tomography (CT) as an
imaging modality.”' *> GNPs are biocompatible and have


http://crossmark.crossref.org/dialog/?doi=10.1016/j.nano.2016.09.013&domain=pdf
http://dx.doi.org/10.1016/j.nano.2016.09.013
http://dx.doi.org/10.1016/j.nano.2016.09.013
http://dx.doi.org/10.1016/j.nano.2016.09.013
http://dx.doi.org/10.1016/j.nano.2016.09.013
mailto:rachela.popovtzer@gmail.com
http://dx.doi.org/10.1016/j.nano.2016.09.013

422 R. Meir et al / Nanomedicine: Nanotechnology, Biology, and Medicine 13 (2017) 421429

unique physical and chemical properties,”* ?° making them
attractive contrast agents for several imaging modalities.'”'%30-3*
Specifically, the high atomic number of gold can induce strong
x-ray attenuation, which makes GNPs ideal contrast agents for CT,
which is one of the leading radiology technologies applied in the
field of biomedical imaging. CT is characterized by high temporal
and spatial resolution, and it is among the most convenient imaging
tools used in hospitals to date, in terms of availability, efficiency,
and cost. Thus, we chose to explore the marriage between GNPs
and CT imaging for the purpose of noninvasive cell tracking and
we termed our technique CT* — computed tomography of cell
tracking in cell therapy.

Lately, we have applied the CT* technology for noninvasive
monitoring of mesenchymal stem cells transplanted in a rat
model for depression,** and for cancer immunotherapy treatment
with cancer-specific T cells.?! In addition, we performed
excessive in vitro studies in order to optimize the balance
between the need to maintain the therapeutic abilities of the
injected cells while receiving maximum cell loading in order
to achieve sufficient contrast for in vivo observation of cells
by CT.?

Cells transplantation is performed by several routes of
administration, including intravenous, intrastriatal, subcutaneous
and intramuscular administration. Cell bio-distribution and
imaging abilities for cell tracking vary from one route to the
other; therefore, in this study we chose to focus on intramuscular
administration which is a common route of administration used
in stem cell therapy. '3 ~37

The goal of this research was to establish design principles for
our CT? technology: to show our ability of longitudinal cell
tracking over the course of several weeks, to determine the
detection limit of CT? in term of the smallest number of cells
injected that can be detected and to provide a mathematical
model for quantifying the number of cells visualized.

In addition, in our previous work® cell functionality post
labeling was extensively studied in vitro. Thus, there was a need
to further validate in vivo the retention of cell functionality post
intramuscular transplantation.

Methods
GNPs synthesis and conjugation

Synthesis

GNPs were prepared using sodium citrate according to the
known methodology described by Enustun and Turkevich.*®
0.414 mL of 1.4 M HAuCl, solution in 200 mL water was
added to a 250 mL single-neck round bottom flask and stirred in
an oil bath on a hot plate until boiled. 4.04 mL of a 10% sodium
citrate solution (0.39 M sodium citrate tribasic dihydrate 98%,
Sigma cas 6132-04-3) was then quickly added. The solution was
stirred for 5 min, and then the flask was removed from the hot oil
and placed aside until cooled.

Conjugation

In order to prevent aggregation and stabilize the particles in
physiological solutions, O-(2-Carboxyethyl)-O’~(2-mercaptoethyl)
heptaethylene glycol (PEG7) (95%, Sigma-Aldrich, Israel Ltd.) was

absorbed onto the GNPs. This layer also provides the chemical
groups required for antibody conjugation (—COOH). First, the
solution was centrifuged to dispose of excess citrate. PEG7 solution
was then added to the GNPs solution, stirred overnight and put in a
centrifuge in order to dispose of excess PEG. Next, with the purpose
of increasing cell-uptake rate, stabilized GNPs were further coated
with glucose. Excess EDC (N-ethyl-N-(3-dimethylaminopropyl)
carbodiimide) and NHS (N-hydroxysuccinimide) (Thermo Fisher
Scientific, Inc., Rockford, IL) were added to the solution, followed
by addition of Glucose-2 (2GF)(D-(+)-Glucosamine hydrochloride,
Sigma-Aldrich, Israel Ltd.). NHS and EDC form an active ester
intermediate with the ~-COOH functional groups, which can then
undergo an amidation reaction with the glucose —NH, group.
Glucosamine molecule C-2 (2GF-GNP): D-(+)-Glucosamine
hydrochloride (3 mg; Sigma Aldrich) was added to the activated
linker-coated GNPs.

Characterization

Transmission electron microscopy (TEM, JEM-1400, JEOL)
was used to measure the size and shape of the GNPs, which were
further characterized using ultraviolet—visible spectroscopy
(UV-Vis; UV-1650 PC; Shimadzu Corporation, Kyoto, Japan)
following each level of coating.

Labeling cells with GNPs

Human mesenchymal stem cells ADS1 (hMSCs) isolation and
expansion

hMSCs were isolated from adult human subcutaneous
adipose tissue, as previously described.?” The cells were plated
in T-225 tissue culture flasks (Corning, Corning, NY) and
cultured with mesenchymal stem cell growth medium and
preadipocyte growth medium (Cambrex Bio Science), respec-
tively, at 37 °C in 5% CO2 and 90% humidity. The medium was
changed every 3 days.

Cell uploading with GNPs

Stem cells were cultured in 5 ml glucose-free DMEM
medium containing 5% FCS, 0.5% penicillin and 0.5%
glutamine. Cells were centrifuged and a saline solution
containing GNPs was added in excess. The cells were then
incubated at 37 °C for 2 hours. After incubation, the cells were
centrifuged twice (7 minutes in 1000 rpm) to wash out unbound
nanoparticles.

Flame gold analysis

For analyzing the average amount of GNPs within the cells
before each in vivo experiment cells were incubated with GNPs
(30 mg/mL) for 2 h. The uptake was analyzed using Flame
Atomic Absorption Spectroscopy (FAAS, SpectrAA140, Agi-
lent Technologies). The cells were melted with aqua-regia acid, a
mixture of nitric acid and hydrochloric acid in a volume ratio of
1:3. The samples were then evaporated, filtered and diluted to a
final volume of 10 mL. Au lamp was used in order to determine
the gold concentration in the samples. Gold concentration in each
sample was determined according to its absorbance value with
correlation to a calibration curve. Each sample was analyzed in
triplicate and averages and standard deviations were taken.



R. Meir et al / Nanomedicine: Nanotechnology, Biology, and Medicine 13 (2017) 421-429 423

In vivo experiments

To explore the longitudinal abilities of CT>, mesenchymal
stem cells (2 x 10°) were incubated with GNPs and then
intramuscularly injected in the limbs of 5 mice. Cells were
injected in a fixed volume of 20 pl. The mice were scanned using
a micro-CT, 24 hours post cell’s transplantation, and once a
week for four weeks.

To determine detection abilities: mesenchymal stem cells
were loaded with GNPs and three different cell amounts
(10 x 10°,5 x 10° and 2 x 10°) and injected in a fixed volume
of 20 pl intramuscularly to the limbs of 10 mice. The mice were
CT-scanned 48 hours post injection. To validate the limit of
detection: mice were injected with different amounts of cells
ranging from 50,000 cells to 500 cells (50 x 10°, 30 x 103,
10 x 103, 8 x 103, 5 x 10,2 x 10, 1 x 10>, 0.5 x 10*) in a
fixed volume of 20 pl. Images were obtained 48 hours post
injection by using a micro-CT device and the projection images
were reconstructed into cross sectional slices.

For cell functionality studies mdx mouse model was used.
Mice were injected with gold-labeled hMSCs and CT-scanned
once a week for one month.

In vivo micro-CT scans

In vivo scans of the injected regions were performed using a
micro-CT scanner (Skyscan High Resolution Model 1176) with
a nominal resolution of 35 pm, a 0.2 mm aluminum filter, and a
tube voltage of 45 kV. Reconstruction was done with a modified
Feldkamp® algorithm using the SkyScanNRecon software
accelerated by GPU.*° Ring artifact reduction, Gaussian
smoothing (3%), and beam hardening correction (20%) were
applied. Two dimensional images and quantitative measure-
ments were obtained using CT-Analyze (“CT-An”) software.
Volume rendered three-dimensional (3D) images were generated
using an RGBA transfer function in both SkyScan CT-Volume
(“CTVol”) and CT-Voxel (“CTVox”) softwares.

Animal care

All experimental procedures and methods were approved by
the Animal Care Committee of Bar-Ilan University and in
accordance with the National Institutes of Health guidelines and
regulations. For cell functionality in vivo studies, MDX mice of
6-8 weeks old weighing 25-30 g were used for this study. Mice
were housed in stainless steel cages in groups of four under
standard environmental conditions (23 £ 1 °C, 55 + 5% humid-
ity and a 12/12 h light/dark cycle) and maintained with free
access to water and a standard laboratory diet (carbohydrates
30%; proteins 22%; lipids 12%; vitamins 3%).

Results
Cell labeling with GNPs for noninvasive cell tracking

In order to obtain visibility of transplanted cells by
noninvasive in vivo CT imaging, cells were labeled with GNPs
in vitro prior to cell implantation. For that purpose, GNPs
(20 nm diameter) were synthesized and coated with PEG for

stability and then with glucose according to our previously
published protocol (Figure 1).2'"** Then, we examined the
feasibility of the uptake of GNPs by the cells; mesenchymal stem
cells were incubated with the GNPs for 2 hours, the average
amount of GNPs uptake was analyzed using Flame Atomic
Absorption Spectroscopy (FAAS), and as previously described >
was found to be 1.1 million particles per cell (std: 0.12)
(8.8 x 10™® mg gold per cell). Efficiency of cell labeling was
further demonstrated by microscopy images (Figure 1, D).

The ability to image cells over time

An important aspect in cell tracking is the ability to trace the
cells over long periods of time, as the migration and homing
abilities of therapeutic cells to the site of injury are some of the
most interesting questions on the field of cell therapy. To explore
the longitudinal abilities of CT>, mesenchymal stem cells
(2 x 10°) were incubated with GNPs and then intramuscularly
injected in the limbs of mice. 24 hours post injection the mice
were scanned in a micro-CT device. In order to see whether the
signal changes over time we continued to scan the mice once a
week for up to 4 weeks post injection.

The results of this longitudinal imaging experiment are
presented in Figure 2. 24 hours after injection, a strong signal
was observed at the site of injection. This is due to the fact that
the cells injected were uploaded with GNPs providing a good
contrast for the CT. After this time point there is a very clear
trend over time: the volume of the labeled-cells becomes smaller
while the signal intensity increases. This could indicate that the
cells migrate to form clusters over time.

These results demonstrate that there is no loss in signal over
time and we were able to track the ‘golden cells’ for 4 weeks.
Moreover, Figure 2 also presents another important advantage
for clinical applications — the ability to view the CT imaging
results in different perspectives, such as two-dimensional (2D)
cross-sectional slices or three-dimensional (3D) volume render-
ing images.

Determining the limit of detection

In many cell therapy studies, several hundred thousand cells
are transplanted?**?; thus the imaging abilities of this magnitude
of cells were initially evaluated. For this purpose, mesenchymal
stem cells were loaded with GNPs and three different cell
amounts (10 x 10°, 5 x 10° and 2 x 10°) were injected
intramuscularly to the limbs of mice. 48 hours post injection
the mice were CT-scanned. As shown in Figure 3, a very strong
signal was detected in all three cell-quantities and it was clear
that even smaller amounts of cells could also be detected.

In order to answer important questions regarding the
behavior, migration and fate of cells, there is a need to image
much smaller numbers of cells within the body. We decided to
determine the detection limit of CT? and to answer the question:
what is the smallest number of cells injected in the muscle that
could be detected?

To find the detection limit of CT* we conducted a follow-up
experiment with small numbers of cells. In this experiment, 10
mice were injected with different amounts of cells ranging from
50,000 cells to 500 cells. Images were obtained 48 hours post
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Figure 1. GNPs synthesis and microscopy images of GNP-labeled cells. (A) Schematic diagram of the GNPs synthesis process: GNPs were conjugated to the
linker polyethylene glycol (PEG), followed by covalent conjugation to glucose. (B) Transmission electron microscopy image of 20 nm GNPs. (C) Optical
properties of the GNPs as assessed by ultraviolet—visible spectroscopy. (D) Dark field and bright field images of mesenchymal stem cells labeled with GNPs. i.

Darkfield after incubation with GNPs. ii. Darkfield before incubation with GNPs. iii. Brightfield after incubation with GNPs. iv. Brightfield before incubation
with GNPs.

injection by using a micro-CT device. Figure 4 displays Quantitative cell tracking

representative 2D images of 50,000, 5000 and 500 cells resulting

from the CT scans. Remarkably, due to the presence of the gold As demonstrated in Figure 4, when following a fixed
inside the cells a strong signal was observed at the injection site GNP-labeling protocol, the obtained intensity of the CT signal
for as low as 500 cells. Less than 500 cells could not be detected is a direct result of the amount of cells injected. This means that
thus the detection limit was set to 500 cells. by using basic image analysis tools, quantification of the number
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Figure 2. Longitudinal cell tracking with CT?. 3D volume rendering of CT scans of cells after transplantation of 2 x 10° mesenchymal stem cells in the muscle of
the mouse limb (A) 24 hours (B) 2 weeks (C) 4 weeks post injection. Inset: 2D cross-sectional slices showing the signal in the muscle.

Figure 3. CT images of ‘golden cells’ injected in three different quantities. 3D volume rendering of CT images obtained two days post injection. (A) 10 x 10°

cells. (B) 5 x 10° cells. (C) 20 x 10° cells. Inset: 2D cross-sectional slices.

of cells in the muscle is feasible. The CT images obtained in the
experiment from 8 different cell amounts (500-50,000 cells)
were analyzed and were used to calculate three important
parameters: the number of voxels containing gold, the mean
density within these voxels and the maximum gray value within
these voxels. ‘CT value” was modeled by the following equation:

CT value = intensity * number of voxels
Intensity = a x mean + (1—a) x maxgray value

The parameter “a” was set to be 0.95, as the contribution of the
maximum gray value to the intensity is much less significant than
the mean gray value of the area containing gold.

Figure 5 presents the results of plotting the number of cells as
a function of the ‘CT value.” A linear trend is displayed with a
linear equation that allows receiving the number of cells from the
calculated ‘CT value.’

Number of cells = 0.0298 x CT value + 426.9

The equation was tested on several scans and was able to
predict the number of cells in the images obtained. The number

426.9 represents the theoretical minimum number of cells
detected and is approximately equal to the experimental
detection limit of 500 cells. The importance of such quantifica-
tion is that the fate of the injected cell could be monitored in
accurate numbers and details.

Additional analysis and quantification were performed for the
images obtained over time in the longitudinal cell tracking
experiments. As described above, mesenchymal stem cells were
injected and scanned over a period of four weeks. For these
images we analyzed two parameters separately: number of
voxels containing gold and the mean gray value for these voxels.
Figure 6 demonstrates that over time these two parameters
exhibit opposite trends: while the mean gray value increases, the
number of voxels containing gold decreases. This trend indicates
that over time the cells form clusters and come closer together
resulting in a stronger and denser signal.

Validation of cell functionality in vivo and simultaneous
monitoring of recovery

Once establishing the ability for longitudinal, sensitive and
quantitative cell tracking by noninvasive CT?, we were interested in
validating that cell functionality is retained post GNP-labeling and
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Figure 4. Detection limit of CT for imaging ‘golden cells.’Left: transverse 2D slices. Center: sagittal 2D slices. Right: 3D volume rendering. (A) 50,000 cells (B)

5000 cells. (C) 500 cells. Yellow arrows indicate the site of injection.
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Figure 5. Number of cells as a function of the CT value. Quantitating CT value of
‘golden cells’ injected to 8 mice in different quantities. The CT value is:
(0.95 x mean + 0.05 x max) x volume. The number 426.9 in the resulting linear
equation is in fact the calculated detection limit of our tracking technology.

that the GNPs do not harm the therapeutic abilities of the cells. For
this purpose mesenchymal stem cells loaded with GNPs were
transplanted in the MDX mouse model. MDX is the most widely
used model for Duchenne muscular dystrophy, a disorder which
results in muscle degeneration and premature death. Mesenchymal
stem cells have been shone to migrate to sites of injury and
inflammation and exert therapeutic effects in various disorders
including Duchenne muscular dystrophy.**'~*

Herein, mesenchymal stem cells (1 x 10°) were labeled with
GNPs and injected into the limb of MDX mice. CT scans were
performed once a week over a period of one month post
injection. Figure 7 presents longitudinal 3D images of the
‘golden cells.” The cells were well detected and imaged over time
and it appears that with time the cells are migrating from the
injection site and are spreading in the muscle.

Besides the ability for noninvasive, quantitative and longitu-
dinal tracking of GNP-labeled cells, in the case of Duchenne
muscular dystrophy the use of CT offers the major advantage of
simultaneously monitoring the progression of the muscle
disease. Ectopic calcification is a pathologic deposition of
calcium salts in the muscle tissues and is a characteristic feature
of muscular pathology. Calcification of the skeletal muscle has
been reported to occur in the mdx mouse model for Duchenne
muscular dystrophy.** As previously demonstrated by Kikkawa
et al due to the high density of the calcification particles, ectopic
calcification can be observed clearly using CT.*

Thus CT? is an attractive tool for cell tracking after cell
treatment of Duchenne muscular dystrophy as indeed demon-
strated in Figure 8. Figure 8, 4 presents the 3D scan of the mouse
limbs two weeks post transplantation of labeled mesenchymal stem
cells. In yellow are the GNP-labeled cells injected locally in the
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Figure 6. Quantitative analysis of longitudinal cell tracking. CT analysis of number of voxels and mean gray value as they change over time: (A) number of gold
voxels normalized. (B) mean gray value of gold voxels. The volume of the GNP-labeled MSCs decreases while average density increases.

Figure 7. Longitudinal CT imaging of ‘golden cells’ in MDX mouse. (A) 1 week (B) 2 weeks (C) 4 weeks post injection. Cells were injected to the thigh

muscle and monitored for 4 weeks. Images demonstrate migration of cells.

right limb. In bright blue is the calcification observed. Figure 8, B
is a sagittal slice of the same scan. It is simple to distinguish
between the bones (gray value 121), the calcification (gray value
58) and the GNP-labeled cells (gray value 252). There is a clear
difference in calcification between the two limbs. While the
untreated limb has high calcification, the treated limb has very low
calcification. Figure 8, Cis a 3D image of the control, an untreated
MDX mouse. Here, the calcification is visualized in both limbs.

Thus, Figure 8, A presents how CT simultaneously visualizes the
golden mesenchymal stem cells at the injection site, and a significant
change in the appearance of the muscle that results from changes in
the state of calcification that is observed only at the treated limb,
indicating a local therapeutic effect. Importantly, limbs of normal
mice did not show this calcification signal that is characteristics of
the MDX mice (data not shown). This is an in vivo validation that the
cells maintain their functionality post GNP-labeling, making CT* an
ideal technology for cell tracking in cell therapy.

Discussion
CT? — computed tomography of cell tracking in cell therapy —

is our noninvasive cell tracking technique which combines the
use of GNPs as a contrast agent and CT as an imaging modality.

The ability to trace cells over long periods of time is one of
the most important needs in the field of cell therapy. Thus, the
goal of this research was to establish design principles for cell
tracking using CT, when utilized for intramuscular cell
transplantation. Longitudinal cell tracking was performed, with
no loss in signal over time. This is a unique ability of CT* and is
attributed to the presence of the GNPs in the cells. We were able
to track the ‘golden cells’ for 4 weeks. The images revealed that
over time the cells tend to form clusters and come closer
together, resulting in a stronger and denser CT signal.

In our experiments, the minimum detection limit, in terms of the
smallest number of cells detected was determined to be 500 cells.
This is a remarkable result which will enable tracking of very small
clusters of cells post transplantation. However, it should be noted
that the ability to image such a small number of cell is only possible
when the cells are injected intramuscularly. In this mode of
injection the cells are injected locally and are very close together
which results in the strong detectable signal. Any other mode of
injection would result in a much higher detection limit.

In addition, a mathematical model for quantifying the number
of cells visualized in the CT images was provided. We were able to
generate an equation which provides the number of cells as a
function of the CT value obtained. The significance of such
quantification is that the fate of the injected cell could be monitored
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Figure 8. Validation of cell functionality and simultaneous monitoring of muscle recovery: imaging cell treatment of muscle in MDX mouse. (A) 3D volume
rendered CT scan demonstration of mouse two weeks post transplantation in the right limb, arrow indicating injection site. Yellow-GNPs located in the injection
site, blue-calcification, mainly in the untreated left limb. Calcification is much greater in the untreated leg than in the treated leg. (B) 2D cross-sectional slice.

(C) An untreated MDX mouse; calcification signal is observed in both limbs.

in details and this will enable answering questions regarding the
percentage of cells that migrate and home to the site of injury.

One of the greatest concerns in longitudinal imaging with
nanoparticles is whether the imaged cells are still alive over time.
This concern, previously addressed in our in vitro and in vivo
studies,”! ?* is of great importance and justifies further in vivo
confirmation. For this purpose, studies were performed on the
MDX mouse model with mesenchymal stem cell therapy. We were
able to track the injected cells over time, and at the same time
monitor muscle recovery due to the anatomical abilities of CT.
Two weeks post injection local recovery was observed in the
muscle in which golden mesenchymal stem cells were transplanted
and imaged, thus proving functionality of the injected cells.

The ability to track the small clusters of cells over time is a
crucial need in cell tracking, as the migration and homing
abilities of cells to the site of injury is one of the most interesting
questions on the field of cell therapy. With longitudinal CT* such
questions could be answered and thus impact the future of cell
therapy. We expect that the remarkable capabilities of CT? to
enable noninvasive, quantitative and longitudinal cell tracking,
with simultaneous monitoring of symptoms and recovery will
generate an overall real-time assessment of the success or failure
of cell therapy treatments.
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